We evaluated in vivo the integrity of brain cholinergic pathways in Multiple System Atrophy (MSA) and the relationship between cholinergic dysfunction and motor disturbances, by measuring the vesicular acetylcholine transporter (VAChT) expression using Single Photon Emission Computed Tomography (SPECT) and [ 123 I]iodobenzovesamicol ([ 123 I]-IBVM). Methods: Nine patients with probable MSA and 12 healthy volunteers underwent a dynamic [ 123 I]-IBVM SPECT-CT scan and a magnetic resonance imaging (MRI) scan. All patients were examined with the Unified MSA Rating Scale (UMSARS; subscale I = activities of daily living (ADL), II = motor and IV = disability). CT and MRI images were used to register the dynamic SPECT image to the Montreal Neurological Institute brain template, which includes the regions of interest (ROI) of striatum and Ch1 (medial septum nucleus-hippocampus), Ch4 (nucleus basalis of Meynert-cortex) and Ch5-Ch6 (pedunculopontine and laterodorsal tegmental nuclei-thalamus) cholinergic pathways. For each ROI, pharmacokinetic modeling of regional time activity curves led to the calculation of [ 123 I]-IBVM to VAChT binding potential (BP ND ) value, proportional to VAChT expression. Results: When compared to controls, BP ND values for MSA in Ch5-Ch6 were significantly decreased in both the pedunculopontine-laterodorsal nuclei and the thalamus (p = 0.004 and p = 0.006, respectively). Additionally, thalamus BP ND values were correlated with UMSARS ADL (p = 0.006), motor (p = 0.002) and disability (p = 0.02) sub-scores. UMSARS motor subscale items 13 (postural instability) and 14 (gait) were also correlated with thalamus BP ND values (p = 0.04). Conclusion: Ch5-Ch6 are the most affected cholinergic pathways in MSA at both cell bodies and thalamic cholinergic terminals. These results underscore the relevant role of [ 123 I]-IBVM SPECT for improving our understanding of the pathophysiology in MSA.
Introduction
Multiple System Atrophy (MSA) is an adult-onset progressive neurodegenerative disease characterized by a variable combination of parkinsonism, cerebellar ataxia, autonomic failure and pyramidal signs (Stefanova et al., 2009; Watanabe et al., 2002) .
As in Parkinson's disease (PD), the loss of nigro-striatal dopamine neurons causes the onset of parkinsonian motor signs in MSA. However, in contrast to PD, MSA patients show a poor response to dopaminergic drugs, suggesting additional involvement of non-dopaminergic systems. In this view, post-mortem studies have revealed a loss of mesopontine cholinergic neurons (Schmeichel et al., 2008) . Moreover, in vivo imaging NeuroImage: Clinical 3 (2013) [212] [213] [214] [215] [216] [217] studies have shown a decrease of acetylcholinesterase (AChE) activity in both cortical and subcortical structures (Gilman et al., 2010) and a decrease of the vesicular acetylcholine transporter (VAChT) in the thalamus (Gilman et al., 2003) . Subcortical AChE activity is further correlated with gait disturbances (Gilman et al., 2010) and VAChT expression in the thalamus has an inverse correlation with the severity of obstructive sleep apnea (Gilman et al., 2003) . The thalamus is the main projection area of cholinergic neurons originating from the pedunculopontine (PPT) and laterodorsal tegmental nuclei. The results of previous studies therefore suggest an important role of dysfunction of the Ch5-Ch6 (ponto-thalamic) cholinergic pathways in the pathophysiology of MSA. However, although the PPT-LDT are thought to play a pivotal role in the genesis of motor disorders and the control of the sleepwake cycle and attention (Jenkinson et al., 2009) , the integrity of cholinergic neurons in these nuclei has never been studied in vivo in MSA. This is partly due to technical problems, namely the small size of the PPT and LDT. In order to overpass this problem, we recently proposed a new method of in vivo quantification of VAChT expression in Single Photon Emission Computed Tomography (SPECT) imaging, using anatomical image to brain atlas non-rigid registration (Lamare et al., 2013) .
We extend here the findings of previous in vivo studies in MSA (Gilman et al., 2010 (Gilman et al., , 2003 by exploring the integrity of the Ch5-Ch6 cholinergic pathways by SPECT with [ 123 I]-iodobenzovesamicol ([ 123 I]-IBVM), a selective radioligand of the VAChT (Kuhl et al., 1994; Mazere et al., 2012) . Cell bodies in the PPT and terminals in the thalamus were assessed, as well as the relationship between cholinergic denervation and motor disturbances. We also explored the Ch4 (nucleus basalis of Meynert-cortical (Wevers, 2011) ) and Ch1 (septo-hippocampal (Wevers, 2011) ) cholinergic pathways at both levels, cell bodies (basal forebrain cholinergic nuclei) and terminals, i.e. cortical regions for the Ch4 and hippocampus for the Ch1.
Materials and methods

Subjects
Twenty one subjects were included after written informed consent: 9 patients with "probable" MSA (8 men, 1 woman) were recruited at the French Reference Centre for MSA (University Hospital of Bordeaux) and 12 healthy volunteers (3 men, 9 women) without neurological and neuropsychiatric disorders. The diagnosis of MSA was made according to consensus criteria (Gilman et al., 1999) . Six patients had probable MSA-C and three had probable MSA-P at the moment of the imaging protocol. All patients were evaluated with the Unified MSA Rating Scale (UMSARS; subscale I = activities of daily living (ADL), II = motor and IV = disability). The diagnosis of MSA was confirmed postmortem in three patients who came to necropsy after the end of the study.
Standard protocol approvals, registrations and patient consent
The study was initiated after protocol approval by the institutional Human Ethics Committee and radioactive drug approval by the National Health Product Safety Agency. Before providing written consent, all participants were presented with the basic design of the study and were informed that they could withdraw from the investigation at anytime.
Radiochemistry
[ 123 I]-IBVM was prepared and controlled as previously described . Briefly, after radio-iodination, [ 123 I]-IBVM was purified by High Pressure Liquid Chromatography and Sep-PackC18 classic cartridge (Waters; Milford, MA) and filtered, leading to 10 ml of sterile solution of [ 123 I]-IBVM. Prior to injection, the solution was assessed to For anatomical localization and partial volume effect (PVE) correction of the SPECT data, subjects underwent a three-dimensional T1 MR imaging sequence (repetition time (TR)/echo time (TE), 7.1/3.5 ms; flip angle, 8°; field of view, 256 × 256 mm to cover the whole brain yielding 228 slices and slice thickness of 1 mm; voxel size, 1 mm 3 ) using a 1.5-T MR imaging system (Philips, Best, The Netherlands).
SPECT-CT imaging
SPECT imaging was performed on a SPECT/CT SYMBIA T2 camera (Siemens; Erlangen, Germany) equipped with low energy thin section collimators. The participants were given 400 mg of potassium perchlorate orally 30 min before and 24 h after imaging. After a mean intravenous injection of 267.02 ± 33.91 MBq of [ 123 I]-IBVM, the dynamic SPECT images were acquired over 7 h at five different times: five frames of 6 min at injection time and two 15-min frames at 1 h, 2.5 h, 4.5 h and 7 h after injection (64 projections with a matrix of 64 × 64 over 360°).
Between each of the five acquisitions, the participants were allowed to rest outside of the gantry.
SPECT images were reconstructed on a 64 × 64 matrix by using a flash three-dimensional iterative reconstruction (four iterations, eight subsets) and a voxel size of 6.8 × 6.8 × 6.8 mm 3 . With low energy high resolution collimators, the reconstructed spatial resolution of the images was ≤5.8 mm (center), ≤5.0 mm (radial) and ≤4.1 mm (tangential). Attenuation correction was performed using the CT image.
All reconstructed images were post-processed, including decay correction, normalization for frame duration and frame merging. All the frames were rigidly registered together and with the CT image, to ensure the patient's brain was in the exact same position in all the images during the creation of the dynamic SPECT dataset.
SPECT data registration to the Montreal Neurological Institute template
The anatomical images, CT and MRI were used to register the dynamic [ 123 I]-IBVM SPECT image to the Montreal Neurological Institute (MNI) template and the associated set of brain regions of interests (ROIs). The acquisition and processing protocol involved three main steps: 1) The participants' CT and MR images were coregistered by using a rigid registration. Because these two images corresponded to the same participant, a rigid model (three translations and three rotations) was sufficient. The rigid transformation parameters were subsequently applied to the dynamic SPECT data to ensure the coregistration with the patients' MR images.
2) The participants' MR images were segmented to extract the skull and cerebrospinal fluid and to only preserve the voxels corresponding to the white and gray tissues of the brain. This process was necessary to obtain an MR image with similar anatomic information as the MNI template from which images of the skull and the cerebrospinal fluid were removed. 3) Finally, the MR craniumless scan was spatially coregistered with the MNI T1-weighted brain template by using an elastic registration algorithm (FSL software, Oxford, United Kingdom). The transformations resulting from 1) and 3) were subsequently applied to the fourdimensional SPECT dataset that had previously been aligned with the participants' MR images, providing a four-dimensional SPECT image registered to the MNI template. 2.6. Pharmacokinetic modeling 2.6.1. Partial volume effect correction of the normalized dynamic SPECT dataset For partial volume effect correction of the four-dimensional SPECT image registered to the MNI template, extracerebral tissue (i.e. cerebrospinal fluid plus cranium) was eliminated on MR images of each participant by using an SPM5 (Wellcome Department of Imaging Neuroscience, London, England) automatic two-segment (brain tissue and cerebrospinal fluid) MR segmentation method (Giovacchini et al., 2004) . The resulting mask, shown to be sufficient in studies of neurodegenerative diseases (Meltzer et al., 1999) , was applied voxelby-voxel to the four-dimensional SPECT image, resulting in unchanged voxels in the MR-derived white and gray matter and voxels set to 0 in the cerebrospinal fluid and cranium regions (Giovacchini et al., 2004) .
Finally, for each participant, an MNI-registered and partial volume effect-corrected dynamic SPECT data was obtained and transferred to PMOD software (version 3.1, PMOD Technologies, Zurich, Switzerland; http://www.pmod.com) for derivation of regional time-activity curves.
Time-activity curve calculation
A template in the MNI space was created on the basis of the anatomic automatic labeling brain segmentation (Tzourio-Mazoyer et al., 2002) . The template was built by merging some of the anatomic automatic labeling brain segmentation regions to define ROIs of striatum for pharmacokinetic modeling, and the three main anatomic cholinergic pathways: Ch1, including medial septum and hippocampus; Ch4, including nucleus basalis of Meynert (NbM); frontal, parietal and temporal cortices; and Ch5-Ch6, including pedunculopontine (PPT) and laterodorsal (LDT) nuclei and thalamus. We created volumes of interest surrounding each nucleus in the MNI space. The NbM, PPT-LDT and medial septum volumes were respectively 2 × 15 3 , 2 × 9 3 and 2 × 9 3 voxels, respectively. Finally, the NbM and medial septum were merged together, providing the region of "the basal forebrain cholinergic nuclei".
The PMOD software was used to apply this template to each frame of the registered and partial volume effect-corrected dynamic SPECT data to obtain average-decay corrected regional activities, which were plotted against time to get regional time-activity curves.
Pharmacokinetic model
In a previous study , multilinear analysis by using multilinear reference tissue model 2 was shown to give the best correlation between results by using the occipital cortex as a reference region and results from invasive blood-sampling analysis (Kuhl et al., 1994) . Therefore, the multilinear reference tissue model 2 method was considered to be the method of choice for non-invasive quantification of [ 123 I]-IBVM data. A two-step approach used with multilinear reference tissue model 2, combining calculation of the reference region-to-plasma k' 2 and multilinear regression analysis , for each ROI, led to the calculation of the non-displaceable binding potential (BP ND ) value, a parameter whose value is proportional to the density of receptor sites, in this case, VAChT binding sites. The occipital cortex was chosen as a reference region because, in this area, post-mortem choline acetyltransferase levels (Araujo et al., 1988 )an enzyme distributed in the same way as VAChT in the human brain (Erickson et al., 1994; Kuhl et al., 1996) and in vivo specific binding of [ 123 I]IBVM (Kuhl et al., 1994; Mazere et al., 2012) were both shown to be very low.
In our study, we applied the same method and calculated [ 123 I]-IBVM to VAChT BP ND values for each participant and each ROI.
Statistical analysis
Mann-Whitney U tests were used to test differences in BP ND values in each ROI between control participants and patients with MSA. The results of the present study included corrections for multiple comparisons: with eight regions examined, a conservative multiple comparisons by using Bonferroni adjustment required a significance level of p b 0.006.
Correlations between BP ND values in each ROI and age, disease duration and clinical data (UMSARS I, II and IV subscores) were assessed by using Pearson correlations. Statistical analyses were performed using STATISTICA software version 9 (Statsoft; Tulsa, OK, USA: http://www. statsoft.com).
Results
Subject characteristics
MSA patients (63.0 ± 5.2 years) were significantly younger than healthy subjects (69.8 ± 4.7 years; p b 0.01). The male-female ratio was higher in patients with MSA than in controls. Mean disease duration was 5.2 ± 2.3 years (Table 1) . Mean UMSARS ADL scores were 23.9 ± 7.7, mean UMSARS motor scores were 27.2 ± 9.2 and mean UMSARS disability scores were 2.2 ± 1.0.
Cholinergic pathways integrity assessment
In Ch5-Ch6, BP ND values for MSA were significantly decreased in both the PPT-LDT and the thalamus (p = 0.004 and p = 0.006, respectively) comparatively to control participants ( Figs. 1 and 2) . On the contrary, in Ch4 and Ch1, no significant differences in BP ND values were observed between patients with MSA and control participants whatever the level, cell bodies and terminals (Fig. 2) .
No correlation was found between BP ND values and age irrespective of the ROI and the group, suggesting that age differences between groups did not affect BP ND values.
Correlation between BP ND and clinical markers
Thalamus BP ND values were correlated with UMSARS ADL (p = 0.006), motor (p = 0.002) and disability (p = 0.02) sub-scores, while no correlation was found with disease duration (Table 2, see also Fig. 3 ). UMSARS motor subscale items 13 (postural instability) and 14 (gait) were also correlated with thalamus BP ND values (p = 0.04). No correlation was found between PPT-LDT BP ND values, disease duration and clinical data.
Discussion
The main result of the present study is the significant alteration of the Ch5-Ch6 pathways in MSA with a relative preservation of Ch1 and Ch4 pathways. We further found a significant correlation between BP ND values in the thalamus and UMSARS ADL, motor and disability scores suggesting progressive cholinergic denervation with increasing disease burden.
The observation that [ 123 I]-IBVM binding is only reduced in the PPT-LDT nuclei and their connecting projection area, the thalamus, supports the hypothesis of a specific ponto-thalamic cholinergic degeneration in MSA. This result is consistent with a post-mortem analysis revealing a loss of PPT-LDT cholinergic neurons in MSA patients (Schmeichel et al., 2008) and anatomical data showing that PPT-LDT cholinergic neurons are mainly connected to the thalamus (Schmeichel et al., 2008) . From a functional point of view, cholinergic PPT-LDT damage is consistent with clinical observations, as these cholinergic nuclei are implicated in the coordination of gait (Jenkinson et al., 2009) , the latter being severely impaired in MSA. Although we did not find a significant correlation between BP ND values in the PPT-LDT and UMSARS subscores, a strong argument for the involvement of the Ch5-Ch6 cholinergic network in motor features in MSA is provided by the significant correlation between thalamic BP ND values and UMSARS motor scores including item scores for postural instability and gait. The absence of a correlation between PPT-LDT BP ND values and clinical markers could result from the existence of different cholinergic sub-populations in these nuclei (Mesulam et al., 1989) and limited power of the study for such an analysis given the small sample size.
The absence of cortical cholinergic denervation in both Ch4 and Ch1 cholinergic pathways is in agreement with recent findings in MSA patients showing normal in vivo brain AChE activity (Hirano et al., 2008) , however not reported in another study (Gilman et al., 2010) .
Quantification of cholinergic neurons in small structures like the PPT-LDT is questionable when using a low resolution imaging technique such as SPECT. Nevertheless, several lines of evidence support its technical feasibility. First, quantification of the weak signal observed requires adapted image analysis methods. In this regard, modeling based BP ND calculations have proven to be preferable methods. Therefore, given that our quantification relies on a fully automated method, the SPECT resolution can be improved if quantitative analysis relies on an exact identification of the different brain regions. This is why reliability of SPECT to MRI registration is crucial. Thus, we chose an elastic based registration algorithm, which is able to account for local deformation, particularly if the subject's MRI is affected by cerebral atrophy (Lamare et al., 2013) . Secondly, the low SPECT resolution could be a limitation when studying adjacent and very small cholinergic structures. However, this problem should not be relevant for small cholinergic structures not closely surrounded by other adjacent cholinergic structures, such as the PPT, which is, with the LDT, the only cholinergic structure located in the pons area (Jenkinson et al., 2009) .
The significant age and gender differences between patient and control group merit consideration as a study limitation, although there was no direct correlation of BP ND values and age.
Conclusion
Our results strongly support the hypothesis that Ch5-Ch6 are the most affected cholinergic pathways in MSA, with significant neuronal loss affecting both PPT-LDT cell bodies and thalamic cholinergic terminals. These results underscore the relevant role of [ 123 I]-IBVM SPECT for studying the integrity of cholinergic pathways and for improving our understanding of the pathophysiology in MSA. Given the parallel alteration of the dopaminergic systems in this pathology, it would be interesting to explore subsequently in vivo in MSA patients both cholinergic and dopaminergic neurotransmission, for a better understanding of the relationship between motor disturbances and neurotransmitter changes.
